6-mo-to 3-y-old children. Dietary intake data were obtained and analyzed.
INTRODUCTION
Much attention has been given to the vitamin D status of the US population. The serum 25(OH)D 5 concentration has been accepted as the primary determinant of vitamin D status, and various studies reported concentrations of this metabolite in children (1) (2) (3) (4) (5) (6) (7) . These data have led to various interpretations of what threshold concentration represents deficiency and what concentrations are optimal for overall health status. Nevertheless, data regarding measurements of 25(OH)D and their relation to functional outcomes are particularly limited in infants and toddlers (8) (9) (10) (11) (12) . Such information is critical because overt manifestations of vitamin D deficiency are most often evident in this age group. During rapid growth, young children may develop striking skeletal deformities of rickets or symptomatic hypocalcemia. Detailed and reliable information regarding biochemical status is generally more difficult to obtain in large numbers of young children than in adults because sampling issues are more challenging. Moreover, in groups of children at risk of vitamin D deficiency, children from urban minority settings appear to be the most vulnerable.
Indeed, our own experience with overt rickets in minority children (13) prompted us to examine a large cross-sectional sample of children from the local catchment area of greater New Haven, Connecticut. We examined potential demographic, dietary, and biochemical determinants of both circulating 25(OH)D and 1,25(OH) 2 D concentrations, as well as for PTH, in both bivariate and multivariate regression models and assessed the frequency of biochemical measures associated with the occurrence of rickets in this population.
SUBJECTS AND METHODS
We expected that this proposed large sample would allow us to estimate the prevalence of vitamin D deficiency in healthy infants and toddlers in an inner-city minority population associated with the occurrence of overt rickets, and in which risk factors such as Northern latitude and skin pigmentation are present. We sought to characterize circulating 25(OH)D and 1,25(OH) 2 D concentrations and to assess other biochemical measures associated with rickets in these children. To this end, we selected measures (ie, serum PTH and ALP concentrations) that are typically in the markedly elevated range in patients with active overt rickets (14) ; we used minimal thresholds of elevation for both parameters to define at-risk cases. Because a variety of demographic features have been reported to be associated with vitamin D deficiency in older populations, we administered an extensive questionnaire aimed at capturing relevant demographic factors potentially associated with vitamin D status. We instructed all caregivers of the children in dietary diary methods and collected information on the dietary intake of each infant for 3 separate 24-h periods to identify important nutritional determinants of vitamin D status. We successfully enrolled .750 children over a 40-mo period. In this article, we report the results of this prospective study, including a characterization of the demographic, biochemical, and dietary variables that characterize infants.
Subjects
More than 750 healthy children aged 6-36 mo were sampled during well-child (nonillness related) visits to 4 neighborhood health clinics in the Greater New Haven area (CT). Exclusion criteria included 1) a history of disorders that affect vitamin D or mineral metabolism, 2) the use of medications known to affect vitamin D metabolism, including systemic glucocorticoid medications, and pharmacologic vitamin D metabolites such as calcitriol, 3) use of vitamin D supplements in excess of 400 IU/d, or 4) gestational age ,28 wk. The study was approved by the Yale University Human Investigation Committee, and written informed consent was obtained from the appropriate parent or guardian of each child. All specimens and data were collected between May 2005 and July 2008.
Data collection
Demographic information was obtained from the primary caretaker of the child at the time of the visit. A detailed questionnaire was designed for the study, which identified socioeconomic variables, breastfeeding and formula-feeding history, and sunlight exposure ( Table 1) . Assessments of skin type were made by using the Fitzpatrick skin-pigmentation scale (16) . One of 4 grades of pigmentation was recorded on the basis of a comparison with a color chart simultaneously examined at the interview. Ancestry was ascertained by obtaining a self-report of the ancestry and/or origin of all 4 grandparents. To be categorized in any of the groups, 3 of the 4 grandparents were reported to be of that group. If there were not 3 grandparents who reported to be of the same ethnicity, the subject was classified as "other" on the basis of the likely admixture.
Detailed dietary intakes were recorded by the caregivers after careful instructions were provided for the identification of food types and quantities. A 3-d food record was kept and a multiple pass interview (17) was used by research RDs and RD-trained research assistants to minimize omissions of food and beverages. Caregivers recorded 2 weekdays and 1 weekend day of intake, 1 Other demographic variables collected for this analysis included type of home, birth order, primary wage earner, mother's current smoking status, age at which nursing started or stopped, current pregnancy status of the mother, sun exposure in summer (determined by hours spent outside, time of day of outside exposure, and clothing typically worn for children sampled in the summer and fall), sun exposure in winter (similarly determined or children sampled in the winter and spring), extent of skin covered by maternal dress determined by matching photograph, age at first tooth eruption, age when formula was introduced, season of sampling, and sex. Weights were not available for 30 children.
2 Mean 6 SD; median and range in parentheses (all such values).
3 Because nutrient guidelines differ by age (15) , the mean (6SD) weight of the 6-12-mo-old group (n = 128) was 8.8 6 1.3 kg, and the weight of subjects .12 mo of age (n = 623) was 12.4 6 2.6 kg. 4 Mean 6 SD; range in parentheses. 5 GED, General Educational Development Test. 
Analytic methods
Serum minerals and ALP determinations were performed by the Clinical Chemistry Laboratory, Yale-New Haven Hospital. Total serum calcium was determined by using flame-atomic absorptiometry (model 2380; PerkinElmer). Serum phosphorus and ALP were measured by using a Roche Diagnostics DPP modular autoanalyzer (Roche Diagnostics). Serum 25(OH)D and 1,25(OH) 2 D were measured by using radioimmunoassay kit methodology (DiaSorin). Results of samples analyzed in our assay for serum 25(OH)D were consistently shown to agree with the midrange of outcomes of individuals who used this assay and participated in the international Vitamin D External Quality Assessment Scheme standardization system (19) . The interassay and intraassay CVs for our 25(OH)D assay were 9.6% and 6.6%, respectively. Serum PTH was measured with antisera to the midregion of human PTH by using the 125 I-labeled 37-84 residue fragment of bovine PTH as radioactive trace, as previously described (20) . The interassay and intraassay CVs for our PTH assay were 13.1% and 15.0%, respectively.
Data analysis
Children with elevated values for both PTH and ALP together were classified as being at risk of development of rickets. ALP values .350 IU/L were considered elevated, which was a threshold established by our analysis of the distribution of ALP concentrations reported in 6023 1-3-y-old children at YaleNew Haven Hospital (see supplementary figure under "Supplemental data" in the online issue). Analysis of this distribution revealed rightward skewness, with a mean (6SD) of 247 6 179 IU/L and median of 210 IU/L. We estimated from visual inspection that the right tail of this distribution would fall between 300-400 IU/L. Thus, on the basis of this observation (for which we used the assay also used in the current study), as well as accumulated reports, we considered an ALP concentration.350 IU/L as elevated.
For PTH, we used a threshold of 25 nLEq/mL, which is the historically established upper limit of normal for this assay (20) and has been observed in clinical use for children and young adults. The combination of increased values for these 2 biomarkers PTH, identified as the earliest consistent biochemical change in the evolution of rickets (14), and ALP, which represents a sufficient duration of a rachitogenic process to affect the skeleton, was used as the physiologic indicator of impaired mineral homeostasis that, if allowed to progress, would result in overt rickets. Children identified as at risk of rickets by this criterion were referred to their primary health care provider for additional evaluation. We recommended that children identified as at risk be supplemented daily with calcium (30 mg elemental calcium/kg) and, in addition, with vitamin D (400 IU) if the serum 25(OH)D concentration was ,16 ng/mL) and follow-up biomarkers be repeated 3 mo later. Follow-up calls to care providers of identified children were made to assess the outcome and obtain results of any follow-up laboratory values.
Descriptive statistics and box plots were used to summarize data. Pearson's correlation was used to evaluate the association between biochemical laboratory and nutrition measurements. ANOVA and analysis of regression were performed to assess the relative contributions of age, ethnicity, skin type, and other demographic factors to circulating 25(OH)D, 1,25(OH) 2 D, and PTH concentrations. Multivariate regression analysis was performed to determine significant demographic, biochemical, and nutritional determinants of circulating 25(OH)D and 1, 25(OH) 2 D concentrations. We used a 0.05 significance level on the basis of 2-tailed tests in all cases. SAS software (version 9.2; SAS Institute Inc) was used for all analyses.
RESULTS

Characteristics of subjects
Results were available for a total of 781 subjects. Demographic characteristics of the subjects, as reported by the responses of caretakers to the questionnaire or as ascertained by the interview, are shown in Table 1 . Subjects ranged from 6 to 36 mo of age (mean 6 SD: 21.2 6 8.9 mo of age ). Mean body weight at the time of the visit was 11.8 6 2.8 kg. Of the 4 skin-type categories (light skinned, slightly pigmented, moderately dark skinned, and very dark-skinned), one-fourth of the children were light skinned, and the remainder of children were classified as one of the 3 darker categories of skin pigmentation. Ancestry (as previously defined) was largely Hispanic (64%) and African American (23%) with relatively few whites (2%).
Of 526 children that had been breastfed as a sole nutritional source, nearly one-third of children discontinued breastfeeding by 1 mo of age and over one-half of children discontinued breastfeeding by 2 mo of age. All children had ceased breastfeeding as the primary source of nutrition by 5 mo age. At the time of study, most children (84%) were no longer fed formula, and 95% of children were reported to have discontinued formula feeding by 1 y of age. The mean serum calcium concentration was 10.0 6 0.5 mg/dL (reference interval: 9.1-11.0 mg/dL). The mean serum phosphorus concentration was 5.4 6 0.6 mg/dL (reference interval: 4.2-6.6 mg/dL). The mean ALP concentration was 306 6 401 IU/L, its geometric mean was 260 IU/L, and the calculated reference interval was 100-614 IU/L. The frequency distribution of serum PTH was also skewed rightward, as were serum 1,25 (OH) 2 D values. The geometric mean of PTH values was 17.8 nLEq/mL (interval: 15.5-55.7 nLEq/mL). On the basis of our independent reference data for this assay, 22% of individuals had elevations in their PTH concentration. The mean serum 1,25 (OH) 2 D concentration was 158 6 58 pmol/L (61 6 22 pg/mL), and the reference interval was 41-274 pmol/L (16-106 pg/mL).
Establishment of cases at risk of developing rickets
Surprisingly, only 19 children (2.5%) met our a priori criteria for being at risk of developing rickets, despite a greater prevalence of vitamin D insufficiency and deficiency in the entire study population (see Biochemical profile). In all 19 cases in which the combination of elevated ALP and PTH were identified, we contacted the referring health provider and recommended calcium supplementation, and if the 25(OH)D concentration was ,37.5 nmol/L (15 ng/mL), we recommended vitamin D supplementation. Repeat PTH measures were performed in 8 cases after supplementation, and repeat ALP measurements were performed in 9 cases after supplementation. The previously elevated PTH and ALP values decreased in all cases measured (AP normalized entirely in 6 cases, and PTH normalized entirely in 4 cases), thereby validating these measures as a reasonable clinical index.
We wished to identify whether this risk of development of rickets correlated with vitamin D deficiency, and therefore, we thresholds of 25(OH)D associated with risk of rickets, we examined elevations in PTH concentrations because, we found a significant association of 25(OH)D and PTH. For various 25 (OH)D thresholds, we observed a consistently higher rate of vitamin D deficiency in patients with elevated PTH than in patients without elevated PTH. Of the various thresholds examined (ie, 25, 40, 50, and 75 nmol/L), we chose 40 nmol/L as identifying the threshold concentration of 25(OH)D associated with an elevation in PTH because of the relatively better sensitivity (0.1) and specificity (0.94) at this threshold than that at all of the other thresholds.
Nutritional profile
Daily dietary calcium, magnesium, and protein (adjusted for body weight) and total vitamin D intake from food and supplements are shown in Figure 2 . The mean daily caloric intake, which was expressed per body weight, was 1038 6 328.4 kcal/ kg, and the mean overall vitamin D intake from food plus supplements was 249 6 129 IU/d (as shown with means of other nutrients in Table 2 ). The proportion of children who met the current recommendations for Dietary Reference Intakes (15) are shown in Table 2 .
Analysis of potential determinants of vitamin D or PTH status
Demographic factors
Circulating 25(OH)D decreased with age ( Figure 3) . Regression analysis indicated that this decrease was significant; the magnitude of the decrement was 0.44
Race and season of sampling were expected determinants of the circulating 25(OH)D concentration ( Figure  4) . Individuals identified as white had the greatest 25(OH)D values, followed by Hispanics and African Americans, respectively (P = 0.0055). Specifically, concentrations in white subjects were greater than in subjects of African ancestry (P = 0.049), and values in Hispanic subjects were greater than in those in subjects of African ancestry (P = 0.002). Skin type was also significantly related to 25(OH)D (P = 0.008); however, skin type and race were closely related to one another (P , 0.001). Subjects sampled in the winter or spring had lower 25(OH)D concentrations than did subjects sampled in the summer or fall (P = 0.001), although the magnitude of this seasonal difference was small (;6.8 nmol/L or 2.7 ng/mL), and there was no relation to seasonal sun exposure ( Table 3 , footnote 1). All demographic factors associated with circulating 25(OH)D concentrations are shown in Table 3 . In addition to age, race, and season of sampling, significant correlates included skin type, home ownership, and the number of people or children in the household. Several parameters related to past or current use of formula were also significantly associated with 25(OH)D concentrations. In particular, subjects who were currently receiving formula, subjects who previously used formula, and the use of formula through a later age (ie, cessation of formula use at an older age of the child) were all associated with higher circulating 25(OH)D concentrations. Because 25(OH)D concentrations decreased with age, and fewer children received formula at older ages, we considered that age confounded the effect of formula. However, when the model was adjusted for age, the effect of formula feeding at the time of the sampling remained significant (P , 0.030). We did not show a consistent relation of circulating 25(OH)D and seasonal sunlight exposure.
As with 25(OH)D, circulating 1,25(OH) 2 D decreased with age ( Figure 3 ). Regression analysis indicated that this decrease was significant and with a much larger relative change than that for 25(OH)D. The monthly decrement was 1. (Table  3) . Skin type was also significantly related to 1,25(OH) 2 D (P , 0.001) ( Table 3 ). When adjusted for skin type, race remained a significant correlate of 1,25(OH) 2 D (P = 0.044); however these 2 variables were closely related to one another. PTH was only associated with race (P = 0.018)
Biochemical and nutritional determinants
Correlation analysis of serum 25(OH)D, serum 1,25(OH)D, and PTH with all other biochemical variables is shown in Table 4 . 1 Demographic factors that were not significant correlates of PTH or vitamin D metabolite concentrations included type of home, birth order, primary wage earner, mother's current smoking status, age at which nursing started or stopped, current pregnancy status of the mother, sun exposure, extent of skin covered by maternal dress, age at first tooth eruption, or age when formula was introduced. AA, African American; H, Hispanic; PTH, parathyroid hormone; W, white; 1,25(OH) 2 analyses on the basis of the nature of the potential determinants. That is, demographic variables compromised one analysis, biochemical variables comprised a second analysis, and nutritional variables comprised another analysis (see models 1-3 in supplementary Table 1 under "Supplemental data" in the online issue) so as not to mix disparate categories of data. After these analyses, we included all demographic, biochemical, and nutritional variables into a combined model for each of the dependent variables. The significant determinants of the respective vitamin D metabolites are shown in Table 5 . For 25(OH)D, significant determinants included vitamin D intake, age (younger children had greater concentrations), season, formula use in the first 6 mo of life (which resulted in higher 25(OH)D concentrations), skin type (lighter-skinned children had greater concentrations), and serum PTH [higher PTH concentrations were associated with lower 25(OH)D concentrations]. For 1,25(OH) 2 D, skin type (darker-skinned children had greater concentrations), serum phosphorus [lower phosphorus concentrations were associated with greater 1,25(OH) 2 D concentrations], age (younger children had greater concentrations), sex (girls had greater concentrations than did boys), and serum calcium (lower calcium concentrations were associated with greater 1,25(OH) 2 D concentrations) remained significant determinants in the combined multivariate model. For PTH, 25(OH)D was inversely associated with PTH, and only caloric intake was positively associated with PTH.
DISCUSSION
Nutritional rickets and vitamin D status in at-risk children are of continuing concern. We investigated a large cohort with a wide profile of demographic factors ( Table 1 ). The mean age of subjects was 21 mo, which was comparable with the mean age of children with overt rickets from this population of 20 mo (13). We used strict criteria for the categorization of ancestry (by using the reported ethnicity of 3 of the 4 biological grandparents) to limit potential effects of admixture on outcomes. The 10% of subjects identified as other primarily represented a mixed-ancestry group (the absence of 3 similarly identified grandparents). We rigorously ascertained dietary nutrient intakes after providing quantitative, illustrated instructions to caregivers. Circulating 25(OH)D was determined by using a monitored, standardized assay, and subclinical rickets was assessed by using validated biomarkers. This cohort provided generalizable data for inner-city children in Northern US latitudes, which is the demographic group most at risk of rachitic bone disease. Finally, we assessed circulating mineral and 1,25(OH) 2 D concentrations because available data for this age group are relatively sparse.
Vitamin D status
Approximately 6% of children manifest serum 25(OH)D concentrations ,40 nmol/L (16 ng/mL), which is the threshold suggested by our analysis as the most appropriate for identification of elevated PTH concentrations. Fifteen percent of children had circulating 25(OH)D concentrations ,50 nmol/L (20 ng/mL), which is the target concentration recommended in the recent Institute of Medicine report (15) . Overall, our data support the notion outlined in that report that overt skeletal changes are generally not evident in children when circulating 25(OH)D concentrations are .40-50 nmol/L. Thus, the suggested target 
Determinants of vitamin D
25(OH)D
Our regression and correlative analyses of circulating 25(OH)D and 1,25(OH) 2 D concentrations identified interesting potential determinants of these measures. Although circulating 25(OH)D has been recently reported to decrease with age in older children (21) , to our knowledge, this finding in infants is novel. Expected differences related to race and skin pigmentation were evident, and whites and the least-pigmented individuals had the highest concentrations. The seasonal difference in 25(OH)D was more modest than anticipated, and we could not show a correlation of time spent outdoors, times of day spent outdoors, or covering of exposed skin with 25(OH)D in children sampled in either the winter and spring or summer and fall seasons. Socioeconomic factors such as the number of people (or children) in the household and home ownership correlated with 25(OH)D concentrations. Indeed, a household-visit study of rickets in Bangladesh identified household size and other socioeconomic factors as significant correlates of the disease (22) . Nutritionrelated correlates of 25(OH)D included the use of infant formula in the first 6 mo of life, current use of formula, or a later age when formula feeding was discontinued. Although serum 25(OH)D correlated with daily intakes of calcium, phosphorus, and magnesium, it was most strongly correlated with the total daily intake of vitamin D. Experimental animal models with low calcium intakes showed increased clearance of 25(OH)D (23), which is perhaps the mechanism responsible for the association of 25(OH)D concentrations and dietary calcium intake. Because were greater than in subjects of African ancestry (P = 0.049), values in Hispanic subjects were greater than in subjects of African ancestry (P , 0.002), and values were greater in samples obtained in the summer and fall than in the winter and spring (P = 0.001). There was no sex difference. B: 1,25(OH) 2 D concentrations in subjects of African ancestry were greater than in Hispanics or whites (P , 0.001), and girls had greater values than did boys (P = 0.038). There was no effect of season. The 25th, 50th, and 75th percentiles for each variable are represented by the bottom, middle line, and top of the box, respectively. Lower and upper whiskers extend to the 10th and 90th percentiles, respectively. The mean value for the population is represented by an asterisk. Circles represent values less than the 10th or greater than the 90th percentile; because the population was large, one circle may represent multiple subjects for a given extreme value. 1,25(OH) 2 infant formula is a vitamin D-fortified product, our data suggest that vitamin D supplementation or the fortification of other foods for this age group would be effective measures for the maintenance of adequate vitamin D status. Race was no longer significant in this analysis when skin type was included in the multivariate model; however, the season of sampling, age, skin type, and early use of infant formula remained significant determinants of 25(OH)D status. The only biochemical correlate of adjusted 25(OH)D concentrations was PTH (a negative correlate). As expected, of the nutritional variables, total vitamin D intake (foods plus supplements) was strongly correlated with serum 25(OH)D. The limited difference in seasonal means for 25(OH)D and the absence of correlates with sunlight exposure may have reflected the limited role outside activities play in the childhood routines in this demographic setting or the limited number of white subjects in whom a seasonal correlation is most evident.
1,25(OH) 2 D
This cohort was perhaps one of the largest reported that identified determinants of serum 1,25(OH) 2 D in young children. Circulating 1,25(OH) 2 D decreased with age, and girls had higher concentrations. Race and skin type affected 1,25(OH) 2 D; higher concentrations were seen in subjects of African ancestry and in darker-pigmented children, which was a direction that was opposite that observed for 25(OH)D. Concentrations of 1,25(OH) 2 D showed a modest negative correlation with serum phosphorus, which was consistent with the well-known effects of serum phosphorus on the regulation of the vitamin D 1a-hydroxylase. Finally, the strong positive correlation between circulating 25(OH)D and 1,25(OH) 2 D may have reflected the loose regulation of 1a-hydroxylase in young children and the dependence of the 1,25(OH) 2 D concentration on the availability of its substrate 25(OH)D. Unlike 25(OH)D, serum 1,25(OH) 2 D did not correlate with dietary intake variables, which was consistent with the general consideration that serum concentrations of this metabolite are related more to homeostatic control than to dietary influences. With multivariate analysis, we showed that 1,25(OH) 2 D was significantly determined by age, sex, skin type, and serum calcium (Table 5) .
This study provided a comprehensive analysis of the determinants of circulating 25(OH)D and 1,25(OH) 2 D concentrations in a population at risk of the development of vitamin D-deficiency rickets. Reference data from the study should be particularly applicable in the clinical setting as applied to groups with demographic features similar to our cohort. To our knowledge, novel determinants of circulating 25(OH)D concentrations identified in this study included age and exposure to infant formula. We confirmed anticipated effects of race, skin type, and socioeconomic variables on 25(OH)D. Furthermore, we identified correlates of circulating 1,25(OH) 2 D, and showed its expected association with biochemical rather than nutritional variables. The importance of total vitamin D intake, which was reflected in part by the positive effect on 25(OH)D of infant formula (fortified with vitamin D), provides evidence at the population level that supplementary vitamin D practices are likely to be effective in increasing 25(OH)D concentrations in young children. We encountered very few subjects (2.5%) with combined elevations in serum PTH and ALP, and yet, 15% of children had concentrations below the threshold of an adequate 25(OH)D concentration suggested by the Institute of Medicine committee report on vitamin D. Our data support the current target thresholds suggested by this committee for vitamin D sufficiency as related to bone health for this age group (15) and should be useful in the identification of strategies for the optimization of vitamin D nutrition in populations at risk of nutritional rickets. 
